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ABSTRACT 

Improvements In the open- circuit voltage of 
0.1 ohm-cm silicon solar cells have been achieved 
using a multistep diffusion technique. Experiment- 
al details are given along with the results of an 
analysis that Indicate that anomalous behaviors of 
the electron mobility In the cell base limits attain- 
ment of higher volumes. 

INTRODUCTION 

The Levis Research Center has been engaged in 
an effort to identify the mechanisms limiting the 
open-circuit voltage (V oc ) In 0.1 ohm- ca, p-base 
solar cells. Theoretical estimates predict that 
voltages In the range 0.680 < V oc < 0.700 volts are 
possible. Initial attempts to produce cells with 
these voltages were unsuccessful, however, the high* 
eat voltages being about 610 volts. Recently sev- 
eral rather unorthodox approaches have succeeded in 
producing significant voltage increases. Figure 1 
illustrates the present status of the various ef- 
forts. If we assume ideal diode characteristics 
and compare the voltages of these cells at arbitrary 
current density of 100 mA/4 cm , we see that the high- 
est voltage (0.648 V) was achieved by the University 
of Florida's epitaxially deposited, high low emitter 
(HIE) cell (1). Voltages in the 0.637 to 0.640 volt 
range were obtained by the Spire Corpora tion with 
their ion- implanted emitter (HE) cell (2), by NASA- 
Levis using a multistep diffusion (MSD) technique, 
and by the University of New South Wales with their 
MIS cell (3). These voltages represent a signifi- 
cant improvesient over the 0.6X0 volt level that 
marked the best effort several years ago. At least 
In the case of the Lewis MSD cell, however, these 
experimental advances have preceded theoretical 
understanding in that we do not have a detailed 
knowledge of the mechanisms responsible for the in- 
creased voltages. Such knowledge is necessary if 
these processes are to be optimized and the maxima 
voltages realized. The purpose of this paper, 
therefore, is to describe the techniques used in the 
Lewis program and to present the results of an ef- 
fort to Identify the voltage limiting mechanisms 
operating in the Lewis MSD cell.. The results of a 
similar effort to determine the voltage limiting 
mechanisms in the HLE cell and the IIE cell will 
also be presented. 


It should be noted that throughout the remain- 
der of the paper, the V oc will be defined as the 
voltage obtained under illumination sufficient to 
produce a current density of 25 mA/cm^. 

EXPERIMENTAL 

The Lewis multistep fabrication schedule is 
given in Table I along with a list of the best con- 
ditions found to date. The schedule consists of 
three steps, all of which have been found to be 
necessary. The first step is a high temperature 
(950° C) long time (t > 4 hr) diffusion. This pri- 
mary diffusion is followed by an acid-etch 
( 1HF : 2HNO3 : 3HAc) removal of the emitter surface 
such that the final sheet resistance is in the 10 
to 12 oha/o range. The etching step is then fol- 
lowed by a short, low temperature secondary diffu- 
sion. Final junction depths range from 1 to 4 
micrometers. Both gaseous (PH 3) and spln-on doped 
oxide diffusion sources were used. I-V data were 
obtained with a xenon X-25 solar simulator. Diffu- 
sion lengths were measured using an X-ray technique 
and spectral response data were taken with a nine 
point narrow band filter wheel. 

DETERMINATION OF THE VOLTAGE LIMITING MECHANISM 

As stated above, the Levis MSD schedule has 
not been completely optimized. Consider, for exam- 
ple, the times of primary diffusion. As shown in 
Fig. 2, we have found a direct correlation between 
the primary diffusion time and the open- circuit 
voltage. As can be seen, the highest voltage was 
obtained for the longest diffusion time attempted. 
These data suggest that the way to increased volt- 
age is through further increases in diffusion time. 
As the diffusion time approaches 100 hours, however, 
not only does cell fabrication become unacceptably 
cumbersome, but current output is also reduced due 
to the increases in the junction depth. It was 
therefore decided to investigate the mechanisms in- 
volved with the voltage increases at hand. Identi- 
fication of the controlling mechanism would hope- 
fully enable achievement of further voltage in- 
creases in shallower junction cells. In the remain- 
der of the paper, therefore, we will describe our 
efforts to determine the voltage controlling compo- 
nent of the device saturation current, and to iden- 
tify the critical parameter in that component that 
limits further voltage increases. 



Identification of the Voltage Limiting Saturation 
Current Component 

The open-circuit voltage as defined in the 
introduction is determined by the value of the de- 
vice saturation current density, I 0 . I 0 has, in 
general, three components: a base component, I 0 g, 

an emitter component, I 0 £» and a depletion region 
component, IqDR* first 8te P in the *«*rch for 

the voltage limiting mechanism is to determine the 
relative magnitudes of each of these components. 
Since these cells all exhibit ideal diode charac- 
teristics in the voltage range near V oc , ve know 
that IodR * s negligibly small. The relative de- 
gree of control exercised by the remaining two com- 
ponents can be determined by analyzing the results 
of some 1 HeV electron irradiation experiments. In 
these experiments, a number of typical cells were 
irradiated in steps to fluences of IxlO* 2 , 1x10^, 
3xl0 13 , IxlO 14 , 3X10 14 , and lxlO 15 e/cm 2 . At each 
fluence level the diffusion lengths, the current- 
voltage characteristics, and the spectral responses 
were measured. Figure 3 illustrates the behavior 
of the red (0.9 am) and the blue (0.5 urn) monochro- 
matic spectral responses when a cell which has re- 
ceived a 4 hour 950° C primary diffusion is sub- 
jected to 1 MeV electron irradiation. As can be 
seen, the red response is severely degraded ty the 
irradiation, while the blue response is essentially 
unaffected. If ve assumed that this invarience of 
the blue response with fluence indicates that I 0 £ 
is not affected by the irradiation, the task of 
separating base and emitter effects is greatly sim- 
plified . 

In Fig. 4, for example, the V oc of this same 
cell is plotted as a function of the base diffusion 
length* Since the magnitude of the decrease in the 
open-circuit voltage with decreasing base diffusion 
length depends on the value of I Q £, ve should be 
able to determine I 0 g (assumed constant) by fit- 
ting the appropriate theoretical expression to the 
data in Fig. 4. The expression for V oc is given 
by 



I gc is the short-circuit current density, T is 
the absolute temperature, L is the base diffusion 
length, n^ is the intrinsic carrier concentration, 
D is the electron diffusivity, is the boron 
concentration at the base depletion region edge, 
d is the cell thickness, k is Boltzmann's Con- 
stant, q is the electronic charge, and an ohmic 
rear contact is assumed. 

A fit of Eq. (1) to the data in Fig. 4, using 
*oE anc * / as adjustable parameter, is shown as 
the solid curve in that figure. The results of the 
fit indicate that the device saturation current be- 
fore irradiation was composed of a 687. contribution 


from the base and a 32Z contribution from the 
emitter. 

These results and the results the sane analy- 
sis performed on cells diffused at the same tempera- 
ture but for 16, 41, and 65 hours are summarized In 
Fig. 5, where the device saturation current and 
its components are plotted against primary diffu- 
sion time. In order to compare the variations in 
I Q and its components independently of diffusion 
length differences, the data i.i this figure were 
obtained from Eq. (1) using the experimentally de- 
rived values of I 0 £ and A, and requiring the 
diffusion length be 220 micrometers in all cases. 
Thus, any variations in I c must be ascribed to 
some parameter other than L. 

Measurements similar to those made on the 
Levis MSD cells were performed on a limited sampl- 
ing of HE and HLE cells in an attempt to determine 
the voltage controlling components of I 0 In each 
of these cases. An analysis of 1 MeV electron 
irradiation data for the ion- implanted cells indi- 
cated that the voltage in this type of cell, as In 
the Lewis cell, is controlled by I 0 B * The results 
for one HE cell are plotted in Fig. 5. 

An inspection of Fig. 5 indicates that in all 
cases, I 0 g is the dominant component, I 0 g, while 
contributing to the total saturation current, ap- 
pears to remain constant with diffusion time. The 
voltage increases observed with increase in diffu- 
sion time can therefore be attributed to decreases 
in I oB : 

Because of the complexity of the HLE cell (1), 
an analysis similar to that performed above is not 
possible. Since both the blue and the red spectral 
response components were found to be degraded by 
electron irradiation, an assumption of constant 
I 0 g cannot be made. The diffusion lengths in both 
regions are apparently a function of fluence. 

While a quantitative analysis of these cells would 
be difficult, some qualitative conclusions can be 
drawn. Figure 7 shows the experimental V oc vs. 
fluence data for the HI£ cell. Superimprosed on 
these data is a curve illustrating what would be 
expected if the voltage of this cell were con- 
trolled only by the radiation induced decrease in 
the base diffusion length. As can be seen, the 
measured decrease in the base diffusion length can 
account for only a small fraction of the observed 
voltage drop. We can thus conclude that the volt- 
age is controlled to a high degree by the emitter 
component of the device saturation current. 

Further evidence of base control in the MSD 
cells is obtained from the relationship between the 
V oc and spectral response. Figure 6 shows the 
relationship between the V oc and the monochro- 
matic 0.5 and 0.9 am spectral responses for a large 
number of cells fabricated with 4 hours, 950° C 
primary diffusions. The assumption made here is 
that the parameters affecting the current output 
from a given region of the cell (i-e., the base or 
the emitter) will also affect the value of the 
saturation current in that region. Therefore, if 
I oB were controlling the voltage, we would expect 
a positive correlation between the base current 
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(0.9 urn response) and the V oc . the fact that 
Fig. 6 shows such a correlation supports the previ- 
ous base control conclusions. The lack of correla- 
tion between the voltage and the emitter current 
(0.5 um response) is also consistent with base con- 
trol. 


To suzmarize, the preceding data suggest 
strongly that the open-circuit voltages both in the 
Lewis MSD cells and the Spire HE cells are con- 
trolled by the base component of the device satura- 
tion current. In the Florida HIE cells, on the 
other hand, the emitter appears to be controlling. 

Determination of the Critical Voltage Limiting 
Parameter 

The previous results strongly indicate that 
I 0 g controls the V oc in the Lewis MSD cells. 

The next step is to identify the parameter in I 0 g 
that is influenced by the diffusion time in such a 
way as to produce higher voltages as the diffusion 
time is increased. 


I Q g can be expressed as 


oB 


2 _ 

qn * M. 

coth v 


(3) 


In an attempt to isolate Che voltage controlling 
parameter in Eq. (3), a number of cells were se- 
lected that had widely different open-circuit volt- 
ages but nearly identical base diffusion lengths, 
thicknesses, and rear surface treatments, the pri- 
mary diffusion times for these cells were 4, 16, 
and 41 hours. It is reasoned that, since all other 
parameters were identical, the voltage differences 
between these cells must be due to differences in 
either the base dopant (boron) concentration and/or 
profile, or the base minority carrier diffusivity. 

The electrically active boron concentration 
profiles on the base side of the junction can be 
obtained by measuring the phosphorus concentration 
and subtracting it from the pre-diffusion boron 
concentration which is assumed constant since all 
these cells were fabricated from the same ingot. 

The phosphorus concentrations were determined 
through SIMS measurements. The results are shown 
in Fig. 8. As can be seen, the profiles are un- 
expectedly similar in the vicinity of the junction. 
With the assumption that this similarity extends 
beyond the junction into the base region, we find 
that the calculated boron profiles in that layer 
are identical. 


We can conclude, therefore, that because the 
net boron profiles, the base diffusion lengths, the 
thicknesses, and the rear surface recombination 
velocities of these cells are identical, their ob- 
served voltage differences must be due to differ- 
ences in the remaining variable (i.e., the base re- 
gion minority carrier diffusivity). To explain the 
observed voltage increases, one would have to in- 
voke a reduction in the diffusivity as the diffu- 
sion time is increased. 


The validity of these conclusions could be 
tested through a measurement of the base diffusiv- 
ity of these three cells. Theoretically this could 
be done by making independent measurements of the 
diffusion length and the lifetime and employing the 
well known relation, L = Dt, where t is the base 
minority carrier lifetime. Unfortunately, attempts 
to measure T in the above cells using an open- 
circuit voltage decay (OCVD) technique were unsuc- 
cessful because of ambiquities in the interpreta- 
tion of the decay curves. We can, however, present 
some auxiliary evidence to attest to the existence 
of large Changes in minority carrier diffusivity 
with diffusion time. 

The data presented in Table II were obtained 
at Lewis several years ago during a study of shal- 
low junction, 10 ohm-cm devices. It can be seen 
that as the diffusion time was increased, the dif- 
fusion lengths decreased significantly. However, 
contrary to what would be expected, as the diffu- 
sion length decreased, the open-circuit voltage in- 
creased. To investigate the cause of this strange 
behavior, the lifetimes of these cells were mea- 
sured using an OCVD technique, and the diffusivi- 
ties calculated using Eq. (2). The results, shown 
in Table II, indicate a large drop in the value of 
D as the diffusion time was increased from 30 min- 
utes to 2 hours. These variations in diffusivity 
with diffusion time are very similar to what has 
been observed in the present MSD cells. It appears 
reasonable, therefore, on the basis of the above 
data, to ascribe the voltage limiting role in Lewis 
MSD cells to the electron diffusivity in the cell 
base . 


DISCUSSION 

The preceding analysis suggests that for short 
primary diffusions the electron diffusivity in the 
base of an MSD cell is anomalously high and, as the 
diffusion time is lengthened, the diffusivity de- 
creases. Calculated mobility values for the three 
cells in Fig. 8, for instance, are 2170, 1490, and 
1242 cm 2 /V sec for the 4, 16, and 41 hour diffused 
cells, respectively. These values are considerably 
higher than the 600 cm 2 /V sec value expected for 
0.1 ohm-cm material. One possible explanation for 
this behavior is based upon piezoresistivity ef- 
fects (i.e., on the effect of diffusion induced 
stresses on the diffusivity). 

It is well known that the mobility, ll, in the 
silicon lattice (related to the diffusivity through 
the relation D = kTU/q) is a function of mechani- 
cal stresses applied to the crystal (4). It is 
also known that the diffusion of a high concentra- 
tion of phosphorus into the silicon lattice pro- 
duces large stresses in the lattice (5). It has 
been shown that these stresses exist not only in 
the diffused region, but extend for considerable 
distances (>100 um) into the cell base as evidenced 
by the distribution of diffusion induced disloca- 
tions (6,7). It is suggested that the anomalous 
mobility behavior arises from the action of these 
stresses . 

The composition of the stress fields in the 
base requires some comment. Since the diffusing 
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specie* sre • Comically smaller than Che host lat- 
tice atoms, the diffused region of the crystal 
tends to contract, this contraction put a the adja- 
cent regions of the lattice under compressive 
stress. While the contraction in the diffused re- 
gion is hydrostatic, the stresses in the base are 
essentially two dimensional, existing only in 
directions parallel to the diffusion front. Fur- 
thermore, as far as the electrical characteristics 
of the cell are concerned, the important mobility 
component is that component perpendicular to the 
junction and thus transverse to this compress ive 
stress field. 

Fortunately there la some information in the 
literature describing the variation of the trans- 
verse component of the electron mobility in silicon 
as a function of a one -dimensional compressive 
stress (8). Extrapolation of these data to the 
room temperature fracture stress for silicon (9) 
indicates that mobility values as high as 2500 cm^/v 
sec should be possible. On the basis of these data, 
then, it is tempting to speculate that the anoma- 
lously high values of mobility in the short diffu- 
sion time cells are due to high, diffusion- induced 
lattice stresses in the base region. It can be fur- 
ther speculated that these stresses are relieved 
somewhat as the diffusion time is increased, thus 
lowering the mobility and providing increased volt- 
ages. According to this reasoning, the greater the 
lattice disturbances in the base region the lover 
the voltage from that cell. 

In addition to the above, there is another 
piece of evidence to indicate that the high volt- 
ages achieved in these cells are associated with 
improvements in the lattice perfection of the base 
region. Two groups of MSD cells were fabricated, 
one of which was not acid etched between diffusions. 
The photon degradation phenomenon (10) was then 
used as a diagnostic tool to detect the presence or 
absence cf lattice damage in the base as a function 
of the presence or absence of the acid etching step. 
The results indicated that emitter etching not only 
removes the highly damaged regions near the emitter 
surface, but that it also removes lattice damage 
from the base region. 

It can be concluded, therefore, that the volt- 
age controlling base region in these cells is 
strongly affected by the processing steps used to 
fabricate the emitter. 

SUMMARY 

The results of this study can be summarized as 
follows : 

1. The open-circuit voltages of the Lewis MSD 
cell and the Spire 11E cell are controlled by the 
base component of the device saturation current, 
whereas the voltage of the Florida HIE cell is con- 
trolled by the emitter component. 

2. The critical voltage limiting parameter in 
Che Lewis MSD cell appears to be the electron 
mobility in the cell base. 


3. Qualitative evidence suggests that the 
anomalous behavior of the base mobility may he ex- 
plained in terns of the piezoresist ive effects of 
stress fields existing in the base due to the pres- 
ence of large concentrations of diffusant atoms in 
the emitter. 
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TABLE I. - THE LEWIS MSD FABRICATION SCHEDULE 


1. Primary diffusion 


20 -3 

Surface concentration lx 10 an 

Temperature 950° C 

Time >65 hr 

2. Emitter etch 

Sheet resistrnce 10-12 ohm/ 

3. Secondary diffusion 

Surface concentration ^2X10^ cnf^ 

Temperature 750° C 

Time 15 min 


TABLE II. - THE EFFECT OF DIFFUSION TIME 


ON MINORITY CARRIER DIFFUSIVITY 


Diffusion 

conditions, 

min 

V ^ 
v oc » 

V 

L<*>, 

um 

*<■», 

usee 

D(t). 

ca»2/ # ec 

750 - 30 

0.523 

120 

2.0 

72.0 

750 - 60 

.524 

70 

2.0 

24.5 

750 - 120 

.527 

36 

2.3 

5.6 


(*)x-ray technique. 
( b )0CVD technique. 
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OPEN-CIRCUIT VOLTAGE, AMO 


Figure 1. - Comparison of voltage improvements in 
0.1 ohm-cm silicon cells. 



Figure Z - Open-circuit as a function of pri- 
mary diffusion time. 



pm 



Figure 3. - Effect of 1 MeV electron irradi- 
ation on red (0.9 pm) and blue (0. 5 pm) 
spectral responses. 



Figure 4 - Influence of base diffusion length on open-circuit 
voltage. 



Figure 5. - Variation erf device saturation current and its 
components with primary diffusion time. 
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Figure 6. - Correlation between voltage and current for 
selected wavelengths. 
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